The hydration of cement generates heat due to the exothermic nature of the hydration process. Poor heat dissipation in mass concrete results in a temperature gradient between the inner core and the outer surface of the element. High temperature gradients generate tensile stresses that may exceed the tensile strength of concrete thus leading to thermal cracking. The present paper is an attempt to understand the thermal (heat sink property) and microstructural changes in the hydrated graphene-Portland cement composites. Thermal diffusivity and electrical conductivity of the hydrated graphene-cement composite were measured at various graphene to cement ratios. The mass-volume method was implemented to measure the density of the hydrated graphene-cement composite. Particle size distribution of Portland cement was measured by using a laser scattering particle size analyzer. Heat of hydration of Portland cement was assessed by using a TAMAIR isothermal conduction calorimeter. Scanning electron microscopy (SEM) was implemented to study microstructural changes of the hydrated graphene-cement composites. The mineralogy of graphene-cement and the hydrated graphene-cement composites was investigated by using X-ray diffraction. The findings indicate that incorporation of graphene enhances the thermal properties of the hydrated cement indicating a potential for reduction in early age thermal cracking and durability improvement of the concrete structures.
Introduction
Concrete is a composite material of aggregates and binders where binding materials are primarily a combination of Portland cement, pozzolanic materials and water [1, 2] . Hydration of cement generates heat due to the exothermic nature of the hydration process. The phases mainly responsible for heat generation during the hydration process are tricalcium silicate (C 3 S), dicalcium silicate (C 2 S), tricalcium aluminate (C 3 A) and tetracalcium aluminoferrite (C 4 AF) [2, 3] . The hydration process of Portland cement depends on several factors or parameters such as cement mineralogical composition, particle size distribution, water to cement ratio and curing temperature. Due to the exothermic nature of the reaction combined with poor heat dissipation in massive concrete elements, the hydration process results in a temperature gradient between the inner core and the outer surface of the element [4] . The high temperature gradient is known to result in large tensile stresses that may exceed the tensile strength of concrete thus leading to thermal cracking. The temperature gradient minimization in an element could be achieved through lowering the temperature rise due to hydration and/or improving heat dissipation by increasing thermal conductivity of concrete. Improving the paste thermal conductivity reduces the temperature gradient in the concrete element, thus reducing the probability of
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13 concrete thermal cracking [5] . Recent research indicates the possibility of using nanomaterials (carbon nanotube, graphene, titanium oxide, nanosilica, and nanoalumina) in civil infrastructure applications; however, costly process and low production of such materials may limit such applications [6] . Incorporation of nanomaterials changes the macroscopic properties of the main binder, namely, Portland cement paste [7] . Introduction of nanomaterials in cement paste reduces the porosity and rate of hydration leading to the development of stronger and more durable products [7] . The structure of the hydrated gel is also affected by the introduction of nanomaterials at a nano-level [8, 9] . The long term creep properties of cement paste are dependent on the density of calcium silicate hydrate which is the main hydration product. Introduction of nanomaterials in concrete using an electromutagenic process modifies the microstructure of high performance concrete without changing the dimensions or appearance [10] . High surface area of the nanomaterials makes them efficient in controlling the propagation of microcracks in cementitious composite materials. Defects present in the lattice structure of the carbon nanotubes, provide potential sites for formation of carboxyl (-COOH) and hydroxyl (-OH) species and creation of bonding to the hydrated cement [11] . It is demonstrated that graphene-oxide (GO) nanosheets may reduce the brittleness and enhance toughness, tensile and flexural strength of the hydrated cement composite. GO can regulate cement hydration and distinctly affect the mechanical properties of hydrated cement composite [12] .
In addition to increasing strength, preventing cracking and reducing porosity, nanomaterials are useful as anticorrosive agents in reinforced concrete. Recently, it has been shown that titanium addition to cementitious binders results in triggering self-cleaning process in cement pastes [13] . Carbon nanotubes, nanoflakes or carbon block additions were used in electromagnetic shielding applications [14] . Carbon nanotubes, with extremely high aspect ratios (length to diameter ratio), are distributed in a much finer scale relative to other common fibers resulting in efficient bridging in hydrated cement composite and reduction of microcrack propagation [15] . The functionalized carbon nanotubes (F-CNT), showing hydrophilic behavior, can interfere with the cement hydration mechanism and may improve or reduce the performance of hydrated cement. The extent of this process is dependent upon the amount of F-CNT incorporated into the composite mix [16] .
Nanomaterials such as nanoalumina are found to improve the flexural strength of concrete [17, 18] . Titanium and nanosilica enhance abrasion resistance and flexural strength [19, 20] . Nanosilica has been effective in promoting early precipitation of calcium silicate hydrate thus shortening the induction period [21, 22] . Incorporation of nanomaterials affects the cement hydration process and the rate of formation of hydration products enhancing the quality performance of concrete.
Graphene, a 2-D π-conjugation, has several extraordinary physical properties such as high thermal conductivity, high electrical conductivity, high surface area (2630 m 2 /g), high elastic modulus and ampi-polar electric field effect [23] [24] [25] . Graphene forms a colloidal mixture and has also been used in making nanocomposites with conducting polymer for supercapacitor applications [26] [27] [28] . In the current study, graphene was introduced as a partial replacement of Portland cement at various ratios to understand its effect on the heat dissipation in cementitious paste during the cement hydration. Thermal diffusivity and electrical conductivity of the hydrated cement paste incorporating different quantities of graphene were measured to understand thermal and electrical properties of the composite. SEM and X-ray diffraction methods were used to understand the physical and structural properties of the graphene-cement composite.
Experimental
As-Received Materials
A commercially available Portland cement and graphene platelets of 110 × 110 × 0.12 nm (Angstrom Materials, N008-100-N) were used in this study. All other chemicals and materials were used as purchased without any modifications.
Composite Materials Preparation
Hydrated graphene-cement mixes were prepared using a commercial mixer (Speedmixer DAC 150.1 FVZ) with constant water to solid ratio of 0.5 and at ambient temperature of 23˚C ± 2˚C. Sufficient workability of the mix could be obtained at a water to solid ratio of 0.5. The composite was mixed for 3 minutes in the Speedmixer operated at 3500 RPM. The mixes were poured into small containers and wrapped with plastic tape to avoid evaporation of water and desiccation. The mixes were cured for 44 hours from the mixing time. This hydration time was selected as it corresponds to the approximate average time at which the concrete element experiences a large temperature gradient between its inner core and outer surface [5] .
Materials Characterization
The main constituent responsible for temperature rise in a concrete element is Portland cement due to the exothermic nature of its reaction with water. In defining temperature rise in mass elements, equally important to the ability to dissipate the heat is the amount of heat gener-
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14 ated by Portland cement hydration. Cement fineness and mineralogy are the main contributors to the total heat generated through the cement hydration process. In conducting the current research, it is therefore important to characterize the as-received cement properties that are of significance to temperature rise; namely, cement fineness and mineralogy. Mineralogical composition of Portland cement was studied using X-ray diffraction. The diffractometer used in this study was a PANalytical Cubix Pro coupled with HighScore Plus software for crystalline phase analysis. The software uses Rietveld analysis for phase quantification. The tube was operated at a current of 40 mA and a voltage of 45 KV. The scan range was set for 2θ of 8˚ -70˚ using a step size of 0.014˚ with the time per step of 10 seconds. For hydrated composites and powdered specimens, rutile was added as an internal standard at 10% by weight of the sample for qualitative comparison. Additionally, heat of hydration measurements on portland cement was conducted using TAMAIR isothermal conduction calorimeter instrument with 8-twin channels at a bath temperature of 23˚C. The test was conducted in accordance with the internal mixing procedure as outlined in the ASTM C1702 [29] . A Horiba LA-950 laser scattering particle size analyzer was used to assess the particle size distribution of the as-received cement. The microstructure of the hydrated graphene-cement composites was examined using Hitachi SU-70 scanning electron microscope. For electrical conductivity measurements, cylindrical pellets of ground hydrated graphenecement composites were prepared with a constant mass of 0.63 grams, a circular diameter of 13.07 mm and a thickness of 2.6 ± 0.1 mm. The pellets were oven dried at 105˚C to eliminate the contribution of evaporable water to electrical conductivity. The pellets were gradually loaded up to 10 kips in a period of 3 minutes then unloaded for another 3 minutes before taking measurements. The electrical conductivity of the pellets was measured by setting them between two metal plates. The current was measured at different voltages using a Keithley electrometer 2400. The conductivity was calculated based on the current, voltage and the dimensions of the pellet samples.
In examining the effectiveness of graphene to improve concrete heat dissipation, thermal diffusivity was also measured. Hydrated graphene-cement composite specimens with thickness of 1.5 ± 0.05 mm and diameter of 10±0.1 mm were prepared and cured for 44 hours. Thermal diffusivity was determined using Linseis (c) XFA500 instrument conforming to ASTM E-1461, DIN 30905 and DIN EN 821 specifications. The instrument provides results with ±5% accuracy for most homogenous materials tested based on the flash method procedure [30] . Figure 1 reveals the morphology of hydrated graphene-Portland cement and possible nanocomposite structure using SEM technique. The emphasis is given to how the graphene is attached to the main portland cement hydration products such as calcium silicate hydrate and calcium hydroxide.
Results and Discussion
Cement Characterization
The X-ray diffraction pattern of the as-received cement is presented in Figure 2 . Rietveld analysis indicates that the amounts of the main crystalline phases are: alite = 59.7%, belite = 12.6%, tricalcium aluminate = 11.2%, tetracalcium alumino-ferrite = 6.0%, gypsum = 3.6%, calcite = 2.3%, periclase = 1.7% and arkanite = 1.6%. The amount of tricalcium aluminate (C 3 A) present in this cement is high and it is therefore expected that this cement would generate higher heat of hydration compared to moderateheat cements. ASTM C-150 [31] sets a maximum of 8% on C 3 A for moderate-heat Portland cements. It is therefore anticipated that a concrete element incorporating this cement could generate a higher temperature gradient unless there is significant improvement in heat dissipation to counteract the effect of higher heat generation.
The particle size distribution analysis presented in Figure 3 indicates that the cement has a mean, median, mode and standard deviation of 10.27 µm, 9.08 µm, 10.82 µm and 6.97 µm respectively, with 70.5% of the as-received cement particles laying within one standard deviation of the reported mean. The reported value of the mean is the equivalent spherical diameter of the cement particles measured on volume basis. It is noteworthy that advanced Horiba hardware and software do not require normal or Rosin-Rammler [32] distribution assumptions to establish the particle size distribution curve. Figure 4 shows the total heat generated at seven days of hydration for Portland cement paste to be 406 J/g. The data indicate that more than 75% of the seven-day heat of hydration is generated during the first 48 hours. This implies that the potential for temperature rise is more important during the first few days. It also indicates the significance of increasing thermal diffusivity during the first few days to reduce the cracking potential of a massive concrete element.
X-Ray Diffraction and Rietveld Analysis
X-ray diffraction patterns of cement and graphene-cement composites are presented in Figure 5 for hydrated and anhydrous specimens. Rutile was added to the specimens as an internal standard at a 10% by weight of the solids. Figure 5(a) shows the XRD patterns of anhydrous graphene-cement composites and cement powder. The main diffraction peak for graphene occurs at a diffraction angle of 26.56˚. The intensity ratio of graphene to titanium oxide (2θ = 27.45˚) increases with the increase of graphene content in the composite specimen. A hump can be observed at 2θ of 42˚ -52˚ and is more prominent at 10% graphene content while absent in the cement powder specimen with no graphene. Figure 5(b) for hydrated samples shows fewer and shorter peaks between 15˚ to 30˚ due to the chemical reaction of water with cement phases and formation of poorly crystalline calcium silicate hydrate gel in addition to other hydration phases such as calcium hydroxide and ettringite [1] . The characteristic peak of Ca(OH) 2 at 18˚ is also clearly visible. The presence of a sharp peak of graphene from (002) plane, due to incremental increase of graphene in hydrated graphene-cement composite, is clearly shown at 2θ = 26.56˚.
Temperature Treatment of Hydrated Graphene-Cement Composites
The effect of temperature on the hydrated graphene-cement samples is shown in Figure 6 . Mixes of different ratios of graphene to cement, hydrated for 44 hours, were treated at varying temperatures of 23˚C, 100˚C, 400˚C, and 600˚C to 750˚C. The presence of graphene in composite was studied by capturing the images of the mix at different temperatures. Figures 6(A)-(D) shows the composites containing 0%, 1%, 5%, 10% graphene at 23˚C.
Figures 6(E)-(H)
shows no apparent difference in composites containing 0%, 1%, 5%, 10% graphene heated at 100˚C. The varying color intensity in the pictures at different ratios of graphene is due to the incremental increase of carbon material in the composites. Presence of water in the graphene-cement mixes at 23˚C is reflected in the images as extra transparency compared to other mixes heated at higher temperatures. Figures 6(I)-(L) shows the images of same composition of graphene-cement heated at 400˚C. The smooth structure observed in the images is probably due to the evaporation of capillary pore water and decomposition of calcium silicate hydrate in the mixes. The mixes heated beyond 400˚C are shown in Figures 6(M)-(T) . Interestingly, the graphene has been found to oxidize when heated to 600˚C and 750˚C. Also, calcium hydroxide decomposes in the temperature range of 400˚C -500˚C. It appears that the elemental metallic oxides in cement act as catalysts contributing to graphene oxidation regardless of the percentage of graphene present in the cement based composites. The hydration process may cause temperature gradient of 30˚C to 90˚C in massive concrete elements [5] . In this study, the hydrated graphene cement composite was examined at higher temperatures to investigate the physical changes that may occur in the composite in the event that the concrete element is exposed to external high temperatures (including fire).
Morphological Properties of Composite Materials in Hydration
The SEM image of the hydrated cement is shown in Figures 7(A)-(C) . The structure of the hydrated cement shows the formation of the needle-like ettringite and the sheet-like habit of calcium hydroxide (Ca(OH) 2 ). reveal no growth of needle-shaped structure, while the compact structure is predominant. Drastic reduction of porosity is anticipated for such a composite. Figure 8 and Table 1 show the effect of graphene content on the electrical resistivity of the hydrated graphenecement samples. The conductivity of hydrated cement paste was approximately 10 −8 S/m; however, incorporation of 1% of graphene changes the conductivity by 3 orders of magnitude. Interestingly, the increase in conductivity is substantial when the composite contains 5% graphene. At a graphene content of 10%, the conductivity measured was at about 10 −2 S/m. The increase in conductivity with graphene content appears to be accompanied by a change in electrical properties from insulating to semiconducting behavior. Such an increase in conductivity could bring about wide range of electrical applications for graphene-cement composites. The results indicate that low additions of graphene, even at 1%, could be sufficient for use in applications where electrostatic dissipation (ESD) is desirable.
Electrical Conductivity Properties of Composite Materials in Hydration
Thermal Diffusivity Properties of Composite Materials in Hydration
Thermal diffusivity for the composite samples was determined using Parker's formula [30] : About three runs were taken at every temperature for a better estimation of the thermal diffusivity for the composite samples. The hydrated graphene-cement composites were tested under a similar range of temperatures as shown in Figure 9 . The general trend observed here is that there is a decrease in thermal diffusivity with an increase in temperature, from 25˚C to 400˚C. It appears that the decrease in thermal diffusivity is about 35% for all the mixes, regardless of the graphene content. The data indicate that incorporation of 1% graphene did not have any significant effect on thermal diffusivity of the mix. Incorporation of 5% graphene, on the other hand, improved the thermal diffusivity by 25% at 25˚C and about 30% at 400˚C compared to the pure cement paste or the 1% graphene composite. The mix containing 10% graphene shows significant improvement in thermal diffusivity of about 75% at 25˚C and 60% at 400˚C. In general, it appears that incorporation of graphene in cement paste could significantly improve thermal diffusivity of the composite. Improvement of thermal diffusivity of cementitious pastes can reduce the temperature gradient (30˚C -90˚C) effect due to cement hydration in mass concrete structures. This can consequently reduce the potential of massive concrete elements to experience thermal cracking thus improving thermal integrity and durability of concrete structures.
Conclusion
Incorporation of graphene nanoparticles in cement paste showed interesting modifications in microstructural, Figure 9 . Thermal diffusivity of hydrated graphene-cement composites.
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morphological, electrical and thermal properties of the paste. Thermal diffusivity and electrical conductivity were found to increase with increasing the graphene content in the composite. The increase in thermal diffusivity of the hydrated graphene cement composite is a clear indication of the heat sink capacity of graphene. This effect is of significant importance especially during the exothermic reactions taking place during the initial stages of hydration of portland cement. The hydrated graphene-cement samples indicate the presence of graphitic plane in the composite structure. The rod or needle-shaped morphology of ettringite, which is typically observed in hydrated cement paste, was less prevalent in the graphene composites and appeared to be affected by graphene content. The metal oxides in cement act as a catalyst for the oxidation of graphene at higher temperatures (600˚C to 750˚C), regardless of the quantity of graphene present in cement-based composite. The impact of the incremental increase of graphene on the electrical conductivity of the composites indicates the potential of using graphene in application where electrostatic dissipation (ESD) of charge is desirable.
